We present a candidate reference method for the determination of serum theophylline by isotope dilution gas chromatography-mass spectrometry, using extractive alkylation in sample preparation. The maximum method bias was <1.0%. The mean method imprecision (CV) was 0.63% (range 0.37-0.96%), calculated from the results of six measurements independently performed on 3 days.
The maximum total error of the method, inciuding the method bias and 95% confidence interval, was <2.1%.
Investigation
of various substances and metabolites for interference proved the specificity of the proposed method. The method was used to evaluate three routine assays by linear regression analysis. Performance of the TDx II (Abbott)was excellent and of the Emit#{174} 2000 (Syva) assay was good. The Kodak Ektachem assay showed a high dispersion of results and a pronounced positive bias in the subtherapeutic range.
Indexing Terms: gas chromatography-mass spectrometry/quality control/intermethod comparison
Reference methods in laboratory medicine are important for targeting materials for accuracy assessment and for evaluating routine methods by measuring split samples of patients' sera. For serum theophylline, and therapeutic drug monitoring in general, predominantly reference sera with weighed-in target concentrations of analyte are used for these purposes.
Because such samples are usually from individuals not undergoing therapy, they cannot fully mimic the behavior of patients' samples, particularly for the presence of metabolites or the nature of the sample matrix. Therefore, assessment of routine test kits with such sera might give misleading information of kit validity. We are convinced that using patients' sera with reference method target values is a better choice for kit evaluation.
Of the numerous methods available for serum theophylline determination (4) (5) (6) (7) (8) (9) ; thus far, only one HPLC candidate reference method has been reported (10). The most promising candidate reference methodology seems to be gas chromatography-mass spectrometry (GC-MS) (11-13), especially in combination with isotope dilution (ID) (10, 14-19).
To our knowledge, however, GC-MS has not been used for that purpose to date (the method in ref. 10 has been proposed as a reference method, but no results for interference testing and accuracy assessment were reported).
Here, we present a candidate reference method for determining theophylline in serum, based on ID GC-MS, to be used for target-setting in external quality assessment (EQA) and for evaluating routine methods. the German EQA sera were of commercial origin. Before reconstitution, the samples were stored at 4#{176}C. After reconstitution, they were divided into 1-mL portions and stored at -20#{176}C. Patients' sera were also divided into portions and frozen at -20#{176}C. All samples were shipped frozen to the laboratories participating in the study. The sera were thawed on the day of analysis and never reused.
General Method Description
The sampling steps were performed according to the protocol described before by St#{246}ckl and Reinauer (21). Analytical Procedure We used a modification of the procedure described by Then, an equivalent amount of internal standard, sufficient to give a MS signal ratio of 1, was added gravimetrically.
Reconstitution
The internal standard was equilibrated with the sample for 1 h at room temperature (or overnight at 4#{176}C), after which 1 mL of carbonate buffer and 100 pL of 0.1 moIJL TBAH were added. After allowing 15 mm for the formation of an ion pair, 5 mL of dichloromethane and 125 tL of pentyl iodide were added. Simultaneous extraction and derivatization were done at 70#{176}C for 20 min, with shaking every 5 mm. The water phase was removed and the organic phase was washed consecutively with 2 mL of 0.1 mol/L hydrochloric acid, 2 mL of 0.1 moJ/L sodium hydroxide, and 2 mL of water. The dichioromethane was then evaporated under a mtrogen stream at 50#{176}C and the residue was transferred with chloroform to a 1.5-mL vial, evaporated again, and redissolved in 20 L of cyclohexane. The calibrators, sampled gravimetrically, were taken through the same procedure.
GC-MS Conditions
Aliquots (2 L) of the cyclohexane solution were injected into the PTV used in the split mode (1/100) and held at 60#{176}C. This represents -700 pg (3.9 pmol) of theophylline.
After injection, the PTV was heated at 12#{176}C/s to 260#{176}C. This final temperature was maintained for 3 min. Two different GC programs were used for the analyses. For analysis of patients' samples and to screen for interference in control samples, GC program A was used: starting temperature 120#{176}C (1 mm), raised by 15#{176}C/min to 260#{176}C, and held 2.5 mm. For samples containing no interfering substances, GC program B was used: starting temperature 180#{176}C (1 mm), raised by 25#{176}C/min to 260#{176}C, and held 4.5 mm. In both programs, the column was cleared by heating at 290#{176}C for 3 mm, and the GC to MS transfer line was set to 270#{176}C. MS detection was done in the selected-ion monitoring (SIM) mode at m/z 250 and 253, corresponding to the molecular ions of the pentyl derivatives of theophylline and the labeled internal standard, respectively. The dwell times for recording the m/z values were set to get 15 measurement cycles under the GC peaks.
Method Validation
The accuracy of the ID GC-MS method was assessed with blank sera to which known amounts of theophylline calibration solution had been added gravimetrically (final concentrations 27.91, 84.30, and 113.3 &moWL). However, for theophylline, obtaining a blank serum is not so easy, because caffeine, found in coffee, tea, and cola soft drinks, is metabolized through oxidative N-domethylation to theophylline (23) . Normal consumption of these beverages can produce serum theophylline concentrations as great as 3.72 mol/L (24). Therefore, blank serum was obtained only from persons maintaining a strict caffeine-free diet. For investigating the specificity of the proposed candidate reference method, we checked several xanthine and uric acid analogs for interference.
These substances were submitted to the extractive alkylation procedure and to GC programs A and B. The MS was used in the scan mode (recording their mass spectra) and in the SIM mode at m/z 250 and 253. results reported for the patients' sera were recalculated on the basis of a factor derived from the measurements of the Belgian EQA samples.
For example, when the EQA test-kit group mean was 10% lower than the result of the laboratory using the kit, the results for the patients' sera were corrected by subtracting 10%. Linear regression was used for method comparison.
Results and DIscussion
The proposed candidate reference method for theephylline was intended for target-setting in the German EQA scheme and for routine method evaluation.
Therefore, its accuracy and precision had to comply with the most stringent requirements of both applications. According to a recently published model, the maximum total error (including method bias and the statistical 95% confidence interval) should be <4% for a theophylline reference method to be used for target-setting in the German EQA scheme (26,27). This would result, e.g., in a bias limit of 1.9% when the method CV is <2% and six measurements are used for the calculation of a reference method target value (the 95% confidence interval then being 2.1%, as calculated from the t-statistics). For method evaluation, however, a bias <1.5% would be desirable, because routine methods almost achieve this accuracy at theophylline concentrations >56 moI/L (10 mg/L). In addition, the CV of the reference method should be considerably lower than that of the routine methods being evaluated, especially because in our study design patients' sera were measured only in duplicate, as with the routine methods. Because the best routine method claims within-run CVs of 1-2% (TDx), we felt it necessary to reach a within-run CV of <1.0% for the reference method. Therefore, the predefined cr1-teria for the reference method were: within-run imprecision <1.0%, bias <1.5%.
Specfficity of ID GC-MS

Measurements
of blank sera revealed no unspecific interferences.
From the substances used to test for specific interferences, only paraxanthine and theobromine were not completely separated from theophyffine when ao,. (16) . Because both compounds are important caffeine metabolites (23) and because theobromine is also found in some nutrients (coffee, tea, and chocolate), patients' sera were measured with the longer CC program A, which allowed baseline separation of theobromine and paraxanthine from theophyffine ( Fig.  1) , even for sera with theobromine and paraxanthine added at concentrations -10 times greater than that usually present in serum from an average coffee drinker (Fig. 2) , in whom the sum of both is -6 mol/L (24). In the control materials used for target-setting in the German EQA scheme, we saw no interferences.
Therefore, we used the short CC program B for their analysis. 
1%). Errors due to evaporation
of liquids during pipetting were negligible because the calibration solutions were made in water. We estimated the inaccuracy of the purity of the theophylline standard to be <0.5%. In summary, the expected method bias was <1%. Because there are currently no accuracy control sera available for theophylline, the accuracy attained with the proposed reference method was assessed with blank sera to which known amounts of theophylline were added gravimetrically, resulting in theophylline concentrations of 27.91, 84.28, and 113.3 moI/L.
The samples were measured over 3 days in duplicate. The differences between the ID GC-MS values and the weighed-in values for theophylline never exceeded 0.5%. Because the most stringent demand for accuracy had been set to 1.5% (see above), the method can be safely applied for target-setting in the German EQA scheme and routine method evaluation.
Precision
In Table 1 As shown above, the maximum bias of the method is estimated to be <1%. The overall method CV was <1.0% (see Table 1 ), leading to a 95% confidence interval of 1.1% (CV = 1.0%; n = 6; t = 2.57). This means that the total inaccuracy is <2.1%, much lower then the above-mentioned limit of 4%, derived for applying reference methods for target-setting in the German EQA scheme (27).
Umit of Detection
The detection limit (i.e., the quantity giving a signal to noise ratio of 3), determined with a diluted serum sample, was 6 pg (33 fmol). We used an amount 120 times the detection limit for quantification;
i.e., -700 pg of theophylline was used for MS determination.
Evaluation of Routine Methods
For method evaluation, the data used for comparison must be truly representative of the method and not biased by the laboratory performing the analyses. The selection of the test kits for evaluation was based on the results in the Belgian EQA scheme, according to the following criteria:
The most widely used test kits should be investigated, different methodologies should be covered, and "good" and "bad" performing kits should be included. Therefore, we selected the Abbott TDx, the Syva Emit, and the Kodak assays of theophylline. Table  2 shows the deviation of the respective kit group means from the ID CC-MS target value for six different EQA samples.
The TDx showed a slight negative bias and the Emit a slight positive bias. The Kodak kit had a relatively high positive bias, especially in the lower concentration range. These results are in complete agreement with the findings of Jenny and Jackson (28) . From the EQA data, the Kodak assay would be viewed as a "bad"-performing test kit. However, the EQA results for Kodak must be interpreted with caution, given the possibility that they might be strongly influenced by "matrix effects" (28). Table 2 .
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Six EQA samples were included in the measurements of the patients' sera to determine whether the laboratory ran the test kit in conformance with its respective EQA peer group. To outweigh method imprecision, the mean results for samples with similar concentrations are shown ( 
